Background. Septic arthritis is a severe and rapidly debilitating disease mainly caused by Staphylococcus aureus. Here, we assess the antiarthritic efficiency of glutaminyl cyclase (QC) inhibitors.
Staphylococcus aureus-induced septic arthritis is a medical emergency because of its potential for causing mortality and rapid joint destruction, particularly in patients with rheumatoid arthritis or immunocompromised status [1] . To study the pathogenesis of this disease, we used a mouse model of S. aureus-induced arthritis in which intravenous administration of S. aureus leads to clinical and histological signs of arthritis within 48 hours [2] : neutrophils and activated macrophages infiltrate the synovium within 1 day, and T cells follow within a few days.
The extravasation of circulating neutrophils into inflamed tissues, with the subsequent release of proteases and production of reactive oxygen species, is an essential component of the innate immune response [3] . Neutrophils are also heavily involved in the recruitment of monocytes by releasing chemokines [4] . Although neutrophils are important effector cells for the elimination of invading pathogens, they can also cause collateral damage to surrounding tissue [5] . Indeed, cartilage destruction caused by neutrophil accumulation is a prominent feature of septic arthritis. Neutrophilmediated tissue damage has been attributed to a variety of proteolytic enzymes released by these cells, particularly elastase and cathepsin G [6, 7] . In addition, neutrophils produce numerous inflammatory cytokines, including interleukin 8 and tumor necrosis factor α, that significantly contribute to the destructive cycle [8] . Therefore, the influx of neutrophils into joints represents an attractive target for the development of new therapeutic strategies for septic arthritis.
The migration of circulating neutrophils and monocytes to the site of inflammation is tightly controlled by their interaction with the vascular endothelium [9] . Two β2 integrins expressed on the cell surface of leukocytes, lymphocyte function-associated antigen 1 (CD11a/CD18) and Mac-1 (CD11b/ CD18), and their counterpart expressed on endothelial cells, intercellular adhesion molecule 1, are crucial for neutrophil adhesion and migration [10, 11] . Furthermore, E-selectin and P-selectin, expressed mainly on the endothelium, together with L-selectin, expressed on the surface of neutrophils, are abundant at sites of inflammation and are also important in controlling migration across the endothelium [12] .
We recently reported that the isoenzyme of glutaminyl cyclase (isoQC) has an important role in monocyte infiltration under inflammatory conditions by mediating the posttranslational modification of monocyte chemoattractant protein 1 (MCP-1/CCL2) [13] . This might be relevant to septic arthritis because the switch from neutrophil to monocyte recruitment is regulated by CCL2 [14] .
CCL2 is one of the major chemokines produced by activated neutrophils and is crucial for monocyte migration to the site of inflammation and for the switch from acute to chronic inflammation [15] . CCL2 can exert a direct effect on neutrophil recruitment in vitro [16] , and administration of CCL2 in the presence of endotoxins induces strong migration of neutrophils to the site of inflammation [17] . Similarly, neutralization of CCL2 causes a decrease in neutrophil influx in a septic peritonitis model through effects on the neutrophil chemoattractant leukotriene B 4 [18] .
The activity and stability of CCL2 are dependent on posttranslational conversion of its N-terminal glutamine into pyroglutamate [13, 19] . This conversion is catalyzed by QCs and is required for the function of several proteins [20, 21] . QC is involved in the pathology of diseases such as Alzheimer's disease [22] , melanoma [23] , osteoporosis [24] , and rheumatoid arthritis [25] . Recently, an isoenzyme of QC was discovered in both humans and mice. This isoenzyme possesses nearly identical substrate specificity but differs in subcellular localization, with QC being secreted from cells and isoQC being retained in the Golgi apparatus [13, 26, 27] .
To balance the inflammatory response and protect the host from pathogens while avoiding extensive tissue damage from excessive activation of the immune system, all cells, chemokines, and other components of the immune system have to work in concert. In the present study, we evaluated the effect of 2 inhibitors of QC/isoQC, PBD155 and PQ529, on inflammatory disease, using an animal model of S. aureus-induced septic arthritis.
METHODS

Mice
NMRI mice were obtained from Charles River Laboratories. Ten QC knockout mice [28] with the genetic background of 99.2% C57Bl/6 and 0.8% 129Sv, 10 isoQC knockout mice [13] produced in the C3J strain, and 20 wild-type littermates (10 C3J mice and 10 C57Bl/6/129Sv mice) were used.
Treatment With QC/isoQC Inhibitors
Isoform-nonspecific QC/isoQC inhibitors PQ529 [13] and PBD155 (Probiodrug) were used. Standard laboratory chow supplemented with PQ529 or PBD155 was generated by Ssniff at a concentration of 6.8 g/kg. Mice were pretreated with supplemented chow 3 days before induction of septic arthritis. Ethics approval was obtained from the Animal Research Committee of University of Gothenburg.
Bacterial Strain and Induction of Septic Arthritis
Staphylococcus aureus strain LS-1, originating from a joint of a spontaneously arthritic NZB/W mouse, was used [29] . The bacteria were diluted in phosphate-buffered saline (PBS), and mice received intravenous inoculation of 10 7 colony-forming units (CFU) on day 0.
Determination of Bacterial Growth
Growth of staphylococci in the kidneys was determined 3 and 14 days after intravenous injection of S. aureus. Kidneys were removed aseptically, homogenized in PBS, and plated on blood agar plates. After incubation for 24 hours at 37°C, the number of CFU per animal was calculated.
Induction and Registration of Olive Oil-Induced Inflammation
Inflammation was induced by intradermal injection of 30 μL of olive oil (Apoteksbolaget) in the hind footpad. Footpad swelling was measured 26 hours after injection, using an Oditest spring caliper. The intensity of the olive oil-induced inflammation was expressed as [(footpad thickness at 26 hours) -(footpad thickness at 0 hours)] × 10 -3 cm.
Clinical Evaluation of Arthritis
Clinical scoring of arthritis of the paws was assessed every second day through the following scoring system: 0, no sign of inflammation; 1, mild swelling and/or erythema; 2, moderate swelling and erythema; and 3, marked swelling and erythema. Swelling and erythema of a toe or finger was scored as 0.5. Clinical score was calculated by adding scores for all 4 paws, resulting in a maximum score of 12 per mouse. In addition, mice weights were monitored.
Histological Evaluation
Mice were sacrificed on day 3 and 14, and paws with elbows and knees were removed for histological assessment. Following decalcification with Parengy (Histolab), samples were embedded in paraffin, cut, and stained with hematoxylin-eosin, and sections were evaluated by a blinded examiner for synovitis and erosion of bone and/or cartilage. Synovitis was defined as a membrane thickness of >2 cell layers. A mean score of 12 joints for all inspected animals was calculated, giving a maximum arthritis index of 3 per animal. The following histological scoring system of synovitis and bone erosion was used: 1, mild; 2, moderate; and 3, severe [30] .
Intraarticular Challenge of S. aureus
Treated mice and knockout mice were intraarticularly inoculated with 10 4 CFU of S. aureus and sacrificed 3 days later.
Injected knees were obtained for histological evaluation, as previously described.
Determination of Synovial Myeloperoxidase Content
The synovial membrane was dispersed into a single-cell suspension, and cells were lysed for 1 hour at room temperature in 20 µL of lysis buffer containing 0.2% cetrimonium bromide (SigmaAldrich) and 0.2% bovine serum albumin (Sigma-Aldrich) in PBS. The peroxidase substrate 1,2-phenylenediamine dihydrochloride (Dako) was dissolved according to the manufacturer's instructions and mixed with H 2 O 2 immediately before use. A total of 40 μL of peroxidase substrate was added to the samples, and the samples were incubated for 1 hour at room temperature. The absorbance was measured at 450 nm on a Spectra Max 340PC (Molecular Devices).
Flow Cytometric Analysis
Blood was obtained from 14 untreated or PBD155-treated mice 3 days after intraarticular inoculation of 10 4 CFU of S.
aureus and compared with blood from 12 noninfected mice. Whole blood was subjected to isotonic lysis for elimination of erythrocytes. Cells were pelleted in a 96-well plate and blocked with F c -block (BD Pharmingen). Cells were stained with eFluor 450-conjugated anti-CD11b (clone M1/70, BD Biosciences), fluorescein isothiocyanate (FITC)-conjugated CD18 (clone M18/2, eBioscience), and peridinin-chlorophyll-protein complex-conjugated anti-CD62L (clone MEL-14, BioLegend) for 30 minutes at 4°C. Cells were collected using FACSCantoII (BD-Bioscience) equipped with FACSDiva software. Analysis was performed using FlowJo software (Tree Star), and Fluorochrome Minus One was used for determination of positive populations and gating when needed.
Phagocytosis Assay
Samples of whole blood from 5 healthy NMRI mice treated for 3 days with inhibitor and samples from 4 untreated controls were evaluated by flow cytometry for phagocytosis of FITClabeled E. coli, using Phagotest (Orpegen Pharma). Measurement was performed according to the manufacturer's instructions. Cells were collected using FACSCantoII with FACSDiva software. Analysis was performed using FlowJo software.
Statistical Analysis
Differences between 2 groups were tested for statistical significance by means of the Mann-Whitney U test. Kaplan-Meier plots were prepared, and the log-rank test was used for comparing the curves of arthritis frequency. Weight curves were analyzed using 2-way analysis of variance with the Bonferroni posttest. All statistical analyses were performed using GraphPad Prism, version 5.0d for Mac (GraphPad), and a P value of <.05 was considered statistically significant.
RESULTS
QC/isoQC Inhibitors Delay the Onset and Progression of Septic Arthritis
To investigate the role of QC/isoQC inhibition on the development of septic arthritis, mice were intravenously inoculated with S. aureus LS-1 and provided with chow impregnated with the inhibitors PQ529 (for 10 mice) and PBD155 (for 10 mice) for the duration of the experiments. Treatment with PQ529 resulted in a significant delay in the development of arthritis; at day 3, 90% of control mice displayed arthritis as compared to 50% of treated mice (P = .01; Figure 1A ). Considerable weight loss occurs during septic arthritis because of inflammation. Mice treated with PQ529 showed a significantly lower rate of weight loss and recovered more rapidly ( Figure 1B ). Despite the effect of PQ529 on arthritis development and weight loss, it had no effect on the clinical scoring of joints ( Figure 1C ). Histological scoring of sectioned joints and paws at end point confirmed the clinical observations, with no differences between PQ529-treated mice and controls in both short-term and long-term experiments ( Figure 1D ). PBD155 was more effective than PQ529 in delaying the progression of septic arthritis. At day 3 after inoculation, only 40% of treated mice displayed clinical signs of arthritis, whereas 90% of control mice had arthritis (P = .01; Figure. 2A ). Mice treated with PBD155 also had significantly less severe arthritis as compared to control mice. The clinical score of the control group increased rapidly until day 9, when it reached a mean of 5.1 (combined score, 40.5), compared with a mean of 1.9 (combined score, 19.0) in the treated group (P = .01; Figure 2C ). All mice experienced a decrease in body weight during the development of septic arthritis. However, unlike the control group, mice treated with PBD155 started to gain weight after 5 days ( Figure 2B ).
Histological evaluation for synovitis and erosions was performed at the early phase (day 3, for 20 mice) and late phase (day 14, for 20 mice) of inflammation. Morphological examination confirmed that the inhibition of QC/isoQC with PBD155 alleviated arthritis. Cell infiltration at both time in the control group; P = .15), suggesting that QC/isoQC inhibition had no impact on bacterial clearance. Treatment with PQ529 also did not affect bacterial count in kidneys (data not shown). We also found that QC/isoQC inhibition had no effect on bacterial phagocytosis by neutrophils derived from control and inhibitor-treated mice (Supplementary Figure 1 ; P = .11).
PBD155 Significantly Reduces Joint Damage After Local Administration of Bacteria
To further investigate the effects of PBD155 on inflammatory processes within the joint cavity, PBD155-treated mice and control mice received an intraarticular injection of 10 4 CFU of S. aureus. Histological evaluation of the knees after 3 days revealed that the treatment had a significant effect on synovial inflammation and bone/cartilage destruction. Synovitis in the control group was 2.25-fold higher (mean arthritis index [±SEM], 2.25 ± 0.21) than that in the treated group (mean arthritis index [±SEM], 1.0 ± 0.20) (P = .001; Figure 3A and 3C). Furthermore, bone and cartilage destruction was reduced in the treatment group (P = .01; Figure 3B and 3D).
QC/isoQC Inhibition Affects Leukocyte Migration to the Site of Inflammation
Three days after intraarticular inoculation with S. aureus, synovial membranes were excised to determine myeloperoxidase (MPO) activity as a means of enumerating infiltrating neutrophils. Treated mice showed lower MPO levels within the synovial membrane as compared to control mice (P = .04; Figure 3E ). To delineate the role of QC and isoQC in neutrophil influx, we repeated the experiment, using QC knockout mice and isoQC knockout mice. Interestingly, QC knockout mice had much lower levels of MPO within their synovial membranes (P = .04; Figure 4A ), whereas isoQC knockout mice showed no differences in the number of infiltrating neutrophils ( Figure 4B ). Additionally, we tested the capacity of Figure 1 . Glutaminyl cyclase inhibitor PQ529 delays development of arthritis. A, Kaplan-Meier plots displaying clinical onset of arthritis in 10 mice treated with PQ529 and 10 controls (P = .01, by the log-rank test). B, Weight curve during experiment. Initial weight was taken as 100% (*P < .05, **P < .01, and ***P < .005, by 2-way analysis of variance with the Bonferroni posttest). C, Clinical score of arthritis in mice. Analysis was performed by the Mann-Whitney U test. D, Articular inflammation at days 3 and 14. Analysis was performed by the Mann-Whitney U test. The horizontal line in the box-and-whiskers plot indicates the median, and the whiskers indicate the minimum and maximum. Abbreviation: Ctrl, control.
inflammatory cells to migrate to the site of inflammation, using a paw edema assay. This assay revealed that PBD155 decreased cell influx at 26 hours after injection, compared with control mice (P = .02; Supplementary Figure 2) .
Inhibition of Both Isoforms Is Required to Prevent Joint Damage
To explore the importance of both isoenzymes in protection against inflammatory joint damage after bacterial inoculation, QC knockout mice, isoQC knockout mice, and wild-type mice received intraarticular inoculations of 1 × 10 4 CFU of S. aureus. Figure 2 . Glutaminyl cyclase inhibitor (PBD155) delays the onset and ameliorates the progression of septic arthritis. A, Kaplan-Meyer plot of onset of arthritis in 10 PBD155-treated mice and 10 controls (P = .01, by the log-rank test). B, Weight curve during the experiment with PBD155 (**P < .01 and ***P < .005, by 2-way analysis of variance with the Bonferroni posttest). C, Clinical scoring during the experiment (P = .01, by the Mann-Whitney U test). D, Articular inflammation at days 3 and 14 (P = .04 and P = .02, by the Mann-Whitney U test, on days 3 and 14, respectively). E and F, Representative histological changes in the front paw joints of PBD155-treated animals and nontreated controls (original magnification ×50). The horizontal line in the box-and-whiskers plot indicates the median, and the whiskers indicate the minimum and maximum. Abbreviations: CI, cell infiltration; Ctrl, control; E, erosions.
mice had a considerably reduced degree of damage (mean erosion index [±SEM], 0.7 ± 0.3; Figure 4C and 4D). In isoQC knockout mice, synovitis was similar level to that in controls but erosion was decreased, although the difference in erosion was not statistically significant ( Figure 4E and 4F).
QC/isoQC Inhibition Changes the Pattern of CD11b/CD18 and CD62L Expression in Blood
Changes in integrin expression in the blood of mice were observed by flow cytometry 72 hours after intraarticular inoculation with S. aureus. Upregulation of the CD11b/CD18 complex in infected mice could be clearly seen (P = .01; Figure 5A ). In contrast, mice treated with PBD155 and inoculated with S. aureus showed a significantly decreased number of cells positive for CD11b/ CD18 after 72 hours (P = .04; Figure 5A ). This suggests that PBD155 treatment may affect the ability of neutrophils to migrate to the site of inflammation. On the basis of these results, we explored the activation level of immune cells by measuring cell surface expression of CD62L (L-selectin). The percentage of cells expressing CD62L in the control group decreased significantly, by 34.1%, 72 hours after infection (P = .001; Figure 5B ). CD62L expression also decreased in the PDB155-treated group as compared to the uninfected group, but by 20.9% (P = .005; Figure 5B ).
DISCUSSION
Posttranslational modification of amino acids with various functional groups is used as a cellular strategy to finetune the function of numerous proteins [31] . We previously showed that the activity of CCL2, a key mediator in several inflammatory diseases, relies on the enzymatic conversion of the N-terminal glutamine into pyroglutamate in a reaction catalyzed by iso-glutaminyl cyclase [13] . The formation of N-terminal pyroglutamate modulates bioactivity but also protects proteins and peptides against degradation by aminopeptidases [32] . Here, we used oral inhibitors (PQ529 and PBD155) to show the importance of QC/isoQC for disease development, neutrophil migration to the inflammation site, and synovitis and bone/cartilage erosion in hematogenously induced S. aureus arthritis. In S. aureus arthritis, mice treated with PQ529 developed clinical signs of arthritis significantly later than control mice. PQ529-treated mice also had less weight loss during the acute phase of the disease and gained weight faster during recovery. PBD155, a more optimized compound than PQ529, was also effective, leading to a significant delay in arthritis development, reduced weight loss, and a lower clinical score. Histological assessments were consistent with clinical observations: treatment with PBD155 led to a significant reduction in synovitis at days 3 and 14.
The peak bacterial burden after intravenous S. aureus inoculation typically occurs in blood within the first 3 days and in kidneys within 1 week [33] . Bacterial clearance is dependent on phagocytosis by neutrophils [34] , which is the primary leukocyte population in the joint lesions [2] . However, activated neutrophils also serve as the primary cells responsible for tissue damage by releasing damaging proteinases and proinflammatory cytokines [35] . NADPH oxidase-derived superoxide discharged from infiltrating neutrophils also contributes to the degradation of the joint surface [36] .
We detected lower MPO activity, a measure of neutrophil numbers, in QC inhibitor-treated mice, which suggests reduced infiltration of neutrophils. This contrasts with previous results Figure 4 . Knockout (KO) of a single glutaminyl cyclase (QC) isoform does not protect against septic arthritis. Ten homozygous QC KO mice and 10 isoform QC (isoQC) KO mice were intraarticulary inoculated with 1 × 10 4 Staphylococcus aureus. Knee joints and synovial membranes were excised on day 3 for histological evaluation and assessment of myeloperoxidase (MPO) activity in the joints. A, Levels of MPO activity in 6 QC KO mice and 7 wildtype mice (P = .04, by the Mann-Whitney U test). B, MPO activity in synovia of 9 isoQC KO mice and 9 wild-type littermates. C and D, Histological evaluation of lymphocyte infiltration (C ) and erosions (D ) in the joints of 10 QC KO mice and 10 wild-type controls. E and F, Evaluation of synovitis (E ) and erosions (F ) in 10 isoQC KO mice and 10 wild-type mice. Abbreviation: OD, optical density.
showing that granulocyte infiltration in thioglycollate-induced peritonitis and lipopolysaccharide-induced lung inflammation was not affected in QC and isoQC knockout mice [13] . QC and isoQC exhibit nearly identical substrate specificity and are differentiated only by their subcellular localization: QC is secreted to the extracellular milieu, and isoQC remains in the Golgi apparatus [26] . Because the compounds used in this study inhibit both isoenzymes, we used QC and isoQC knockout mice to determine whether the beneficial effects of treatment depend on the inhibition of a certain isoform or whether both isoforms need to be blocked for the therapeutic effect.
In QC-deficient mice and isoQC-deficient mice, there was a trend toward a lower arthritis score following local inoculation of bacteria, compared with the score for wild-type mice. However, only in the QC knockout mice were MPO levels significantly lower than those in the other infected groups. Under septic conditions, CCL2 regulates neutrophil recruitment via direct chemotactic activity and via modulatory effects on CCL8 and leukotriene B 4 [37] . In addition, bone marrow neutrophils express fully functional CCR2, which suggests a role for CC chemokines in the differentiation and regulation of neutrophil functions [16] .
The data presented here provide evidence that QC/isoQC might play a role in leukocyte infiltration under certain experimental settings, such as septic arthritis. Clearly, CCL2 is not the sole inflammatory effector molecule affected by QC/isoQC inhibition. Apart from known targets such as CCL-2, -7, -8, and -13, there might be other unknown targets for QC/isoQC that may affect the inflammatory response in this experimental setting. These studies of QC/isoQC knockout mice provide clear evidence that the inhibition of both isoforms is required to alleviate septic arthritis in the intraarticular injection model. FACS analysis suggests that QC inhibition affected integrin expression. Activation of circulating neutrophils results in rapid upregulation of CD11b/CD18 expression, which allows neutrophil immobilization and subsequent transmigration to the site of inflammation [38] . Upregulation of CD11b/CD18 was observed in the control group after S. aureus administration into the joint but not in the group treated with PBD155. Treatment with PBD155 by itself caused a higher extent of CD11b/CD18 expression before infection, followed by a reduction during infection. Although the cause of this increased expression in healthy mice is unknown, it is clear that the infiltration of leukocytes at site of inflammation is reduced. Downregulation of CD11b/CD18 could result in decreased affinity between neutrophils and the endothelium, which could explain the reduced neutrophil transmigration to the site of inflammation in PBD155-treated mice. The observed downregulation of CD62L ligand may also have contributed to the impaired migration to the inflamed tissue in PBD155-treated mice. Leukocytes constitutively express CD62L, which plays a pivotal role in attachment to the endothelium at the site of inflammation [39] . In response to cell activation by various stimuli, including lipoteichoic acid, a major component of S. aureus cell wall [40] , and lipopolysaccharide [41] , the expression of CD62L is downregulated [42] . We observed downregulation of CD62L in the treated group, indicating that L-selectin is not responsible for the reduced infiltration in joint.
To summarize, we have shown that treatment of mice with specific QC/isoQC inhibitors alleviates the development and progression of experimental septic arthritis. Collectively, we provide compelling evidence that the treatment decreases cell infiltration into the synovium and reduces synovitis and bone/ cartilage destruction. Although not all substrates targeted by Staphylococcus aureus in the joint cavity, and on day 3 the expression of integrins was evaluated through flow cytometric analysis. A, CD11b/CD18 expression on cells circulating in the blood of control mice (P = .01), and treated mice (P = .04). B, Expression of CD62L in the blood of the control group (P = .001) and in infected mice treated with PBD155 (P = .005). The horizontal line in the box-and-whiskers plot indicates the median, and the whiskers indicate the minimum and maximum. Differences between groups were analyzed using the Mann-Whitney U test.
QC inhibitors are known, we suggest that the therapeutic effect is at least partially based on the impaired ability of neutrophils to massively migrate to the site of inflammation and inflict major damage. However, even though we see a decreased capacity of neutrophils to migrate into the inflamed synovial tissue, our phagocytosis experiments proved polymorphonuclear cells to be fully capable of clearing bacteria and preventing dissemination of the infection. Because QC/ isoQC inhibitors are approaching the regulatory stage for the treatment of various inflammatory disorders, this study provides novel insights into their mechanism of action and opens doors to the development of new combination therapies.
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